It was shown that resistance of the cucumber cultivar China (Kyoto) to cucumber mosaic virus (CMV) functions at the single cell level. Measurement of physiological parameters has excluded the possibility that this result arises from the artificial procedures used in protoplast isolation and inoculation. The maintenance of resistance in protoplasts of China (Kyoto) after inoculation with CMV RNA indicates that the resistance determinant(s) most probably operate at transcription or translation stages.
INTRODUCTION
Resistance of plants to virus infection may be complete (i.e. the plant is a non-host) or may be a function of restricted virus replication. In the latter case, this can be achieved by limitation of virus spread (e.g. hypersensitivity) or by permitting systemic replication, but to a lower level than that in susceptible hosts.
The use of plant protoplasts, initially in the investigation of virus replication and more recently in the study of the biochemical basis of resistance, has enabled resistance based upon the interaction between cells to be distinguished from that expressed in single cells. Hypersensitivity appears to be associated with the former; hence tobacco mosaic virus (TMV) will replicate to the same extent in protoplasts from tobacco carrying the N gene for hypersensitive necrosis, as it does in protoplasts from susceptible tobacco; however, the hypersensitive reaction is not expressed in the protoplasts (Otsuki et al. I972) . Similarly, cucumber mosaic virus (CMV) will infect a high proportion of protoplasts from cowpea, a plant in which systemic spread of the virus is not normally seen (Koike et al. 1977; Gonda & Symons, I979) .
Limitations to virus spread in the absence of necrosis could result from phenotypic variation of susceptible cells within a single host. However, with the phloem-limited tobacco necrotic dwarf virus this does not appear to be the case, as 7o to 8o~ of tobacco leaf mesophyll protoplasts become infected in vitro (Kubo & Takanami, 1979) . The spread of TMV-LsI, a ts mutant of TMV-L, in tomato is inhibited at 32 °C. However, TMV-Lsl will replicate equally well in protoplasts at both the permissive and non-permissive temperatures (Nishiguchi et al. I978) .
The ultimate expression of resistance (i.e. in the non-host) also appears not to function in single cells in some instances. Hence, TMV will infect leaf protoplasts of cowpea but not whole plants (Huber et al. I977 ) and brome mosaic virus (BMV) strain ATCC 66 will infect protoplasts of Raphanus sativus, a plant demonstrated as a non-host for this virus (Furusawa & Okuno, 1978) . In contrast, however, a wild-type strain (BMV-wt) is avirulent for both plants and protoplasts of Ni¢otiana tabacum whereas BMV-V 5 is virulent for both; the same patterns of virulence were observed after inoculation with the respective BMV RNAs (Motoyoshi et al. I974) .
Few other examples of the maintenance of resistance at the cellular level have been reported and available evidence suggests that it is not typical of particular plant species. Beier et al. (I977) found that of protoplasts from 55 cowpea lines 'immune' to the SB strain of cowpea mosaic virus (CPMV-SB), only one showed resistance, accumulating virus to about I ~o of that found in susceptible cells. This line was also 'immune' to infection by CPMV-SB RNA (Beier et al. t979) . The resistance of tomato plants conferred by genes Tm-I, Tm-2 or Tm-z ~ restricts multiplication of TMV-L. Protoplasts homozygous for Tm-I reflected the behaviour of whole plants whereas protoplasts homozygous for the hypersensitive TM-22 gene were as susceptible to infection and produced as much virus as protoplasts from susceptible plants (Motoyoshi & Oshima, 7977) . Protoplasts carrying the Tm~I gene were also resistant to infection by TMV-L RNA (Motoyoshi & Oshima, 1979) .
The aim of this work was to discover by comparison with susceptible plants whether resistance of the cucumber cultivar China (Kyoto) to CMV was a function of single cell resistance or cell-to-cell interaction and if the former were true, as has already been indicated using rather less efficient infection procedures (Coutts & Wood, ~977) , whether resistance is associated with early or late stages in the infection process.
METHODS
Plant material and virus. Cucumis sativus L. cvs. Ashley, China (Kyoto), China and Marketer were grown as previously described (Coutts & Wood, I975) except in summer periods when plants were germinated and maintained in a Fison's growth chamber (22 -I-I °C with a 14 h photoperiod). Vigna sinensis Endl. cv. Blackeye, the assay host for CMV and tobacco ringspot virus (TRSV), and Gomphrena globosa, the assay host for potato virus X (PVX), were grown in the greenhouse at 24 + 4 °C with a 14 h photoperiod.
The W strain of CMV (Tomlinson et al. I97O) was maintained in and purified from N. tabacum L. cv. White Burley by the method of Scott (I963). The cherry isolate of TRSV (Stace-Smith & Hansen, 1974) was maintained in and purified from the same host using the method (b) of Salazar & Harrison (1978) . PVX RNA was a kind gift from Mr R. C. Sanders.
Detailed methods for the isolation of cucumber protoplasts and their inoculation with CMV nucleoprotein (Maule et al. I98ob) and virus RNAs (Maule et al I98oa) have been described elsewhere. Progeny CMV from infected protoplasts was always measured as RNA, achieved by extracting protoplast suspensions using the two-phase phenol method of Wilcockson & Hull 0974) and assay of the RNA on cowpea. TRSV and PVX from infected protoplasts or tissue were assayed as nucleoprotein in homogenized cell extracts in 50 mMsodium phosphate buffer pH 7"5 by inoculation, after appropriate dilution, on to cowpea and G. globosa respectively. CMV nucleoprotein from cucumber cotyledons was assayed similarly on cowpea.
Fluorescent antibody staining of infected protoplasts was carried out as previously described (Maule et al. I98ob )° Iodination of CMV nucleoprotein. This was done essentially according to Frost (I977) except that 7oo to 90o ¢tg CMV in 5o/A 5 mM-sodium borate buffer plus 5 mM-EDTA pH 9 was diluted with an equal volume of 5 ° mM-sodium phosphate buffer pH 7"5 before iodination with 500/~Ci carrier-free lz~I as NalZSI (The Radiochemical Centre, Amersham, Bucks, U.K.). After halting the reaction with I2"5/zg of potassium metabisuphite, the mixture was diluted to 5 ml with 5 mM-sodium borate buffer plus 5 mM-EDTA pH 9 and dialysed overnight against IOOO vol. of the same buffer. Virus pelleted by centrifugation at 1o5ooo g for 7o rain was resuspended in I ml of the same buffer and subjected to four further washings.
The final pellet was resuspended and after adjusting to 2 mg/ml was used in the standard procedure for inoculating protoplasts with CMV nucleoprotein (Maule et al. I98ob) but with I/4 vol.
I~5I-CMV binding. Supernatants from the multiple-inoculation technique (Maule et al. I98ob) applied to Ashley and China (Kyoto) protoplasts and the three subsequent washings with o-I mM-CaCI~ in o'55 M-mannitol were all retained, and unbound I~sI-CMV counted in a Philips Gamma Counter. Finally, inoculated protoplasts were pelleted, resuspended in 0. 5 ml o.55 M-mannitol plus 0"I mM-CaC12 and counted in total. Percentage binding was calculated as:
Final counts associated with protoplasts
Total counts in supernatants, washings and protoplasts
The number of CMV particles bound/protoplast was calculated on the basis that I/~g CMV contains Io 11 virus particles.
Electrophoretic mobility. Freshly isolated protoplasts from Ashley and China (Kyoto) were washed three times (Maule et al. I98ob ) and resuspended in o'55 M-mannitol and electrophoresed in an optical electrophoresis flow cell (courtesy of B. W. W. Grout) according to the method of Grout & Coutts 0974). Mobility across a IOO V potential observed at the two stationary levels was measured for at least IOO cells, with three changes of polarity for each sample. Measurements for the two varieties were recorded in 0"55 M-mannitol, 0"55 M-mannitol plus O.I mM-CaCI~ and 5 mM-potassium phosphate buffer pH 5"7 in o'55 M-mannitol.
RESULTS

CMV infection of resistant and susceptible cucumber seedlings
Under the glasshouse conditions used in this study, inoculation of the cotyledons of Ashley (susceptible) cucumber seedlings with CMV (strain W) resulted in an increase in the level of virus nucleoprotein and RNA up to 5 to 6 days post-inoculation (p.i.) (Fig. I) . This peak was co-incidental with the appearance of blisters on the lower epidermis and was rapidly followed by a mild chlorotic mottle appearing on young leaves. The development of CMV infection in cotyledons of the resistant cultivar, China (Kyoto), followed the same temporal pattern but at a much lower level, usually 5 to lO% of that in susceptible tissues (Fig. I a) . The infection was symptomless on inoculated and subsequent systemic leaves. Similar patterns were seen when the accumulation of virus RNA in the two varieties was examined (Fig. I b) .
Protoplast infection with virus nucleoprotein
Infection of protoplasts from the first leaves of Ashley and China (Kyoto) cultivars in vitro with CMV nucleoprotein showed the susceptible variety to produce more virus RNA than the resistant one. Assaying infected protoplasts 38 h p.i., the time most frequently coinciding with the peak of extractable infectivity (Maule et al. I98ob) , demonstrated a five-to tenfold difference in the synthesis of virus RNA between the two varieties (Table 0, a smaller difference than that observed in whole plants. The possibility that a susceptible but delayed reaction could be occurring in China (Kyoto) was examined in time course experiments. Fig. 2(a) records one of several time courses in which China (Kyoto) protoplasts failed to accumulate more than 20% of the infectivity measured in Ashley protoplasts up to 60 h p.i. In these experiments, the lower infectivity levels were associated with fewer infected protoplasts as detected by fluorescent antibody staining, although the difficulty in recording change the proportion ofinfectivities obtainable from Ashley and China (Kyoto) protoplasts (Table I) .
Comparison of surface properties and metabolic capabilities 125I-CMV binding
Particles of CMV-W labelled with 1251 using chloramine T as a catalyst (Frost, I977) had asp. act. of 2"5 × Io 3 to 4-0 x io 3 d/min//zg and showed no measurable loss of infectivity, presumably a measure of structural integrity. Inoculation of Ashley and China (Kyoto) protoplasts using 12sI-CMV-W by the multiple-inoculation procedure (Maule et al. 198ob) showed no significant difference in the extent of virus attachment. In two experiments the numbers of particles associated with resistant and susceptible protoplasts were 5"I7 (+ S.E. 0'26)x IO 4 and ~'47 (-+ S.E. O'I2)× 104 particles/protoplast. These figures constitute about 27"4~ and 5"6~, respectively, of the total virus used in each experiment.
Electrophoretic mobilities
The electrophoretic mobility of plant protoplasts is a function of their net surface charge (Grout & Coutts, t974)-Using the apparatus of Grout & Coutts 0974) for measuring the electrophoretic mobilities of cucumber protoplasts, some difficulty was observed in obtaining reproducible results in solutions with a higher conductivity than that in o.55 M-mannitol. In these solutions it was difficult to establish a constant rate of protoplast migration due to electrode polarization and gassing. In contrast, in o'55 M-mannitol, near constant rates could be measured at the stationary levels but no significant difference in mobility could be detected between protoplasts freshly isolated from Ashley and China (Kyoto) leaves.
Protoplast condition after isolation
Suspensions of cucumber protoplasts isolated from first leaves and cultured in simple salts medium (Maule et al. I98ob) show a steady deterioration with time, as assessed by Assessed using phenosafranine by the method of Widholm (1972) . § lo ~ dilution.
[l ND, Not determined. ¶ Assayed on Gomphrena globosa. staining for viability. This phenomenon occurs whether cells are infected or not and cannot, therefore, be considered as a virus-specific symptom. The rate at which deterioration occurs varies with the protoplast batch and probably reflects the physiological condition of the cells on isolation. Normally, 35 to 6o~ of protoplasts are still viable after incubation for 4o h. Over many experiments, no significant difference in viability has been observed between Ashley and China (Kyoto) protoplasts following infections with virus nucleoprotein or RNA.
Ability to replicate other cytoplasmic viruses
The ability of cucumber protoplasts to support the cytoplasmic replication of other ssRNA plant viruses should be an indication of their metabolic competence to support CMV replication. Hence, Ashley and China (Kyoto) protoplasts were infected with the RNAs of TRSV and PVX using the PEG-mediated inoculation method. Both varieties of cucumber are susceptible to TRSV (Barnett & Wood, I978) and protoplasts from both varieties supported TRSV replication equally well (Table 2) . Cucumber cotyledons inoculated with PVX failed to produce any visible symptoms nor were they stimulated to show the starch lesion response seen after inoculation with TMV (Lindner et al. 1959) . However, a local lesion assay of inoculated material detected progeny virus 4 and 7 days p.i. of Ashley and China (Kyoto) cotyledons. As with TRSV, protoplasts from both Ashley and China (Kyoto) supported PVX replication to an equal extent (Table 2) .
Comparison with other resistant and susceptible cucumbers
The extent of single cell resistance amongst some other commercial cucumber varieties was investigated by making comparisons within the four combinations of resistant and susceptible hosts in time course experiments using Ashley and China (Kyoto) and an alternative resistant (China) and a susceptible (Marketer) host. In each cage the resistant variety was shown to produce less virus RNA than its susceptible pair although the proportions were not always constant (Fig. 2) . As with comparisons of Ashley and China (Kyoto) at a single time point, in these experiments fewer cells of the resistant variety contained virus antigen detectable by fluorescent antibody staining.
Protoplast infection with virus RNA
The possibility that single cell resistance in cucumber is a phenomenon associated with transport of virus to its intracellular functional site and/or its subsequent uncoating, was tested by infecting Ashley and China (Kyoto) protoplasts with virus RNA. Using the PEG-mediated inoculation procedure with CMV RNA, good infections of susceptible cells (40 to 7o~ viable cells infected) were obtained, while China (Kyoto) still exhibited a resistant reaction (Table 2) .
DISCUSSION
The genetic basis of resistance in the oriental cucumber cultivars used in this study has been discussed previously (Coutts & Wood, I977) . The recessive nature of the resistance genes in China (Kyoto) has since been verified in this laboratory in F1 crosses with the susceptible cultivar Ashley (A. J. Maule, M. I. Boulton & K. R. Wood, unpublished results), but a verification of the dominance of resistance in China has not been attempted.
The susceptibility of the two main cultivars in this study, Ashley and China (Kyoto), to CMV-W was similar to that seen in previous examinations of their reaction to the Price's No. 6 strain of CMV (Barnett & Wood, I978) . Similar abilities of the two cultivars to replicate TRSV has also been noted previously (Barnett & Wood, I978) . Replication of the ringspot strain of PVX in cucumber cotyledons was surprising as the host range of PVX is not usually considered to include members of the Cucurbitaceae (Bercks, I97O) .
Populations of protoplasts from the resistant cultivar China (Kyoto) always show a lower proportion in which virus antigen can be detected and always produce substantially less progeny virus after infection with CMV-W than do protoplasts from the susceptible cultivar, Ashley (Table I and a). Possible explanations are that China (Kyoto) protoplasts are variable in their resistance which is expressed phenotypically or that all China (Kyoto) protoplasts are potentially susceptible in vitro, but it is only some physiological alteration arising from the unusual procedures used in protoplast isolation and inoculation which prevents the expression of a comparable susceptible reaction. However, the subjective nature of the fluorescent antibody assay in the detection of positives at low antigen levels throws doubt upon both of these interpretations. In an effort to resolve these contradictions, some key physiological criteria in resistant and susceptible protoplasts were examined.
In all experiments, protoplasts were isolated from leaf mesophyll tissue to produce suspensions of photosynthetic parenchyma with a low percentage of epidermal and vascularassociated cells. Fluorescent antibody staining of infected protoplasts failed to show a predominance of infection in these non-photosynthetic cells.
The absence of any significant difference in the ability of CMV particles to bind to resistant and susceptible protoplasts or in the apparent net surface charge of the protoplasts suggests that resistance does not result from differing requirements for the efficient inoculation of the two types. This is supported by the observation that resistance is still manifested after infection with CMV nucleoprotein using PEG-mediated inoculation, a procedure probably relying upon a different uptake mechanism from that mediated by a polycation. Also, the ability to infect with TRSV suggests that China (Kyoto) protoplasts were not deficient in their ability to transport the virus to the intracellular environment. Similarly, the equal ability of Ashley and China (Kyoto) protoplasts to replicate PVX, TRSV (Table 2) and TMV (Coutts & Wood, 1976) (Kyoto) to CMV infection is expressed in single cells and is an example of a phenomenon seen with at least one other cucumber resistant to CMV (Fig. 2) .
There are clearly many points in the virus replication cycle at which resistance could be operating. The importance of virus uncoating can be assessed indirectly by infecting protoplasts with CMV RNA. Results from these experiments (Table 2) show that the resistance mechanism operating in China (Kyoto) protoplasts affects virus replication subsequent to disassembly, i.e. during transcription and/or translation. Exclusion of virus assembly from consideration as the operational step in resistance comes from the nature of the assay system for protoplast infections; progeny virus genome is measured as extracted infectious virus RNA. This form of assay does not alter the qualitative response of the protoplasts to infection but increases the sensitivity of the experimental system. Work relating to the comparative ability of Ashley and China (Kyoto) protoplasts in the proportional synthesis of individual CMV RNA species will be published elsewhere (A. J. Maule, M. I. Boulton & K. R. Wood, unpublished data) and a study of differences in transcriptional and translational efficiency associated with resistance is in progress.
